INTRODUCTION
Bone fracture repair is a complex process which is divided into an inflammatory, reparative, and remodeling phase. Only few studies focus on the remodeling phase of healing. However, behavior during the remodeling phase is important because that is when strength of bone returns and chance of re-fracture decreases.
Small animal models are more frequently used in studies of fracture healing. Although their patterns of healing during the inflammatory and reparative phases are similar to that in larger animals including humans, remodeling has been noted to be different. During remodeling, rapidly laid down woven bone is replaced by highly organized lamellar bone. In large animals, the periosteal and the endosteal callus slowly resorb until the original shape of the cortex is restored. In mice, another behavior is observed [1] . Similar to large animals, at the end of the reparative phase (day 21), a large callus bridges the fracture gap both periosteally and endosteally. During remodeling (day 28 to 42) the callus gradually transforms into a double cortex (Figure 1a-c) . Then the two equally thick and dense cortices merge together into one cortex. This contrasting response could be due to biological differences in species, or to differences in mechanical loading.
We postulate that the latter is true and in this study explore if these patterns of remodeling could be explained by known differences in loading. For this purpose, a generally recognized bone remodeling algorithm [2] [3] , in which adaptation of bone mass and geometry over time are modulated through osteocyte mechano-sensing and signaling, is used.
METHODS

Murine fracture healing model
Morphology of the healing fracture in mice was determined from an experiment in which a flexible bridging plate was used to stabilize a 0.45mm mid-diaphyseal femoral gap osteotomy [1] . Postoperatively, mice were allowed free weight bearing. After 21, 28 and 42 days of healing the mice were euthanized and femoral radiographs recorded. After excision, 4-pt bending stiffness, histology and immunohistochemistry, as well as µCT of the healing bone were analyzed. At day 21, radiographs exhibited an abundant amount of mineralized tissue. After 21 to 28 days, the stiffness of all osteotomized femurs was 50-70 % of the intact contralateral femurs.
Bone remodeling theory
It is assumed that osteocytes sense the local strain energy density [2, 3] . Based on the magnitude of the strain energy density, the osteocytes send a signal (stimulus) to the bone surface to stimulate osteoblasts or inhibit osteoclasts. It is assumed that the osteocytes signal decreases over distance. The total stimulus at any location is given by the sum of all osteocyte signals at that location. Depending on the total stimuli bone can be formed or resorbed. Bone resorption is activated when the stimulus is lower than the resorption threshold or for example when random micro-cracks occur in the bone [2] . Bone formation will occur when the local stimulus exceeds the formation threshold. Based on the local bone density, the homogenized stiffness is calculated [4] . The bone-remodeling algorithm is implemented in ABAQUS v. 6.5.
Implementation
The fracture calluses were scanned using a µCT with an isotropic voxel resolution of 12µm. Bone tissue was segmented from non-bone tissue and the output density data was converted to mineral content and bone density. Midsagittal sections (2D) were converted to finite element meshes, where each voxel provided initial density for one integration point. Hence, the linear 4-node brick elements are 24µm x 24µm. Osteocytes are initially placed at random locations at equal density through out the mesh. Bone is modeled as a homogenous linear isotropic material with a Poisson's ratio of 0.3 and a maximum Young's modulus of 5 GPa [5] . Elements with no bone are assumed to be filled with marrow.
To assess the effect of loading mode on the bone remodeling, loading (1N) was applied either as an axial force, or as a bending moment. The force was tied to all nodes on the proximal cortex, while the distal cortical ends were rigidly fixed. It was applied either in the y-direction (axial) or around the z-axis as a bending moment ( Figure  1 ). The magnitudes of the loads were estimated by running the simulation with varying loads on an unfractured cortex. The load magnitudes that resulted in steady-state cortical geometry similar to intact femora were chosen. The simulations ran until the callus completely remodeled into one cortex.
RESULTS
The µCT data of the fracture gap at days 21, 28 and 42 are shown in Figure 1a -c. The initial mesh is obtained from a mouse fracture callus at 21 days (Figure 1d) .
With axial force, the callus remodeled by gradual resorption of the periosteal callus along with increasing density close to the cortex and around the fracture gap. Then most of the endosteal callus was resorbed along with a further increase in density of the cortical gap. By iteration (it) 20, only very little endosteal callus remained. By it 50 the cortex was restored and there was no sign of the fracture.
When a bending moment was applied, the remodeling process was altered (Figure 1e-g ). The periosteal part of the callus and the cortical gap gradually became denser while the trabecular bone within the periosteal callus was resorbed. Thereafter most of the endosteal callus was resorbed, whereas the cortex and the periosteal line became denser. After it 20 a dual cortex had developed (Figure 1f ), which slowly merged as the original cortex was restored.
There was almost no resemblance between experimental data at 28 and 42 days healing and the simulations under axial load. The results of the simulations in which the callus was loaded under bending corresponded well to the progression of bone remodeling seen experimentally.
DISCUSSION AND CONCLUSIONS
This study demonstrates how a difference in major loading directions can explain the distinction seen during the remodeling phase of fracture healing in small rodents compared to larger animals including humans. The progression of healing and remodeling was monitored experimentally and compared to simulations with a bone remodeling theory under different loading modes. The simulated patterns when the callus was loaded in bending were very similar to the experimental remodeling bone morphology in mice. When axial load was applied, there were no similarities between the predictions and mice fracture healing patterns. Instead, the bone density distributions resembled remodeling during fracture healing as observed in larger animals. Even though the complex loading in mice femurs was represented by a single axial or bending load and the analysis was performed in 2D, this study still provides a plausible explanation for the difference between remodeling in mice and larger animals.
The fact that these contrasting differences in post-fracture remodeling between species can be explained by different loading patterns also strengthens faith in the hypothesis behind the current bone-remodeling theories.
A single computational bone remodeling theory where activities of osteoblasts and osteoclasts are modulated by external loads through osteocyte signaling can produce both remodeling patters, depending on the loading regime applied. The bending load, which gives rise to the dual cortex type remodeling, is likely to mimic the loading of mouse femurs (knee and ankles always flexed), whereas femur loading in larger animals is more axial (knee and ankle more extended). Hence, the contrasting behavior during the remodeling phase observed in mice compared to humans, can be explained by differences in mechanical loading and does not have to arise from biological differences.
